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An i.nvestigatienwas conducted to determine the effect on
fuel-vapor lGSS during flight of omitting in the blending pro-
ceee sone of the fuel ctmBtitueats in JUi-E-28,Amandmnnt-2,
fuel that are normally lost in flight. In this particular
serletaof tests, some of the lower-bolll~point components
were renmved from available M-2L?, Amendment-2, fuel by means
of a fractionating COIUIUU.

The results show that the fuel-vapor lose for a given set
of simu.1.ated-fli@tcondition &ecreaeed as the percentage of
fuel removed increased. Also, the altitude at which fuel-vapor
lees begins (critical altitude) was found to increase as the
percentage of fuel removed increased. Those ralatlone were
found to depend on the initial characteristics of the original
fuel sample.

The Reid vapcr pressure and the A.S.T.M 5- and 10-percent
recovered points gave single-valued functions with fuel-vapor
10BS and critical altitude. These physical properties as in-
dicate~ by data for AE-lL2t$,AJm3ndment-2,fuel maybe used to
determine the extent of omission neceseexy to prevent fuel-vapor
loss for a given set of flight conditions.

IM!CRODWTIOII

Ourrent aviation fuels contain relatively high percentages
of volatile constituents, such as isopsmtane, in order to im-
prove the starting and operating characteristics of the engine,
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especially during adveme weather conditions. Some of these
highly volatile substances =e added in the blendlng process
after the base stock has been refined. Reports from the
Petroleum Administrator for War have itiicated that as muoh as
23 eroent by mlume of isopentane ~ be present In grade

7104J130 fuels in order to obtain the desired pbysicel ~-
teristics called for in the Army-Navy specifications.

Un~l)lished data obtained at the EMA Cleveland laboratory
indlcate that the fuel lost through Vapri zation from the fuel
tank during high-altitude fli&t consists mainly of the lower-
boilln~point components of the original.fuel. The present ln-
vestigation was therefore conducted to determine the effect of
omltthg some of the lower-boiling-point ~onstltuenta”in a fuel
on the fuel-vapor loss during simulated flight. !l!h.iseffect was
determined by sub~ectlng samples of M?-3’-2S,Amendment-2, fuel
with up to 29.37 percent by volume of the lower-boill~point
components removed by fraotional distillation to slmlated
flights to altitudes of 50,000 feet. Other effects that might
result from the removal of the lower-boiling-point components
were not investigated.

Those tests were made during the latter part of 1944 and
the early part of 1945 as a part of a general investigation being
conduoted at the 19ACAOleveland laboratory at ‘therequest of the
Air Teohnkal Sermtce Command, Army Air E’orces,on means for re-
duoing fuel-vapor 10ss during high-altitude flight.

APPARATUS

For this test program, the fuel semples were obtained by
subjecting AJM’-2S, Amendment-2, fuel to fractlonal distillation.
The fractional-distillationapparatus used for the tests consisted
of a T-gallon, cylindrical still pot surmounted by a fractionation
column am.da still head. l!hefractionation column was a 2-inoh
galvanized iron pipe 7L feet long packed with glass helices. The

2
helices were of glass 0.5 millimeter In diameter and were wound in

ohains l/g Inch in diameter. The packed pipe was surrounded by
two thin-walled Iron pipes in suoh a manner that two annular dead-
&r spacee were formed about It. Three-ply corrugated asbestos
Insulation covered the outermost pipe. 17iohromewire was wrapped
around the inner pipe to heat the column electrically when neces-
sary. Thermocouples were plaoed in the column at 2-foot vertical
Intervals to measure the column temperatures. The still head was
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...
a modifloatlon”of the one Illustrated In referenoe 1. The ayatem
waB vented through vapoz traps In order to catoh any vapore not
condensed by the still-head condenser.

The simulated-altltudebenoh-te6t installation used is ehovn
diagrammatically an figure 1 and Photogra@ioally in figure 2. The
inetallatlon is, essentially, an inmlated plastic fuel tank munted
on a IMnnce in an altitude ohamber. !l?healtitude ohamber is pro-
vided vith a water Jaoket In order to control the temperatureWIthin
the ohamber to gOo 1’~2° F before the start of eaoh test. The fuel
tank, 10 inches In diameter and 15 Iuchea in height, 1s vented
directly to the altitude ohamber through a valve by means of a >
foot length of nsoprene tubing 3/4 inoh In inside diameter. The
pressure within the fuel tank ie manually controlled by air-bleed
valves in conjunction with a vaouum pump In order to elmulate a
predetermined flight path. T~e apparatus used to h%lcate and aon-
trol the preaaure altitude is eaeentially the same as that described
in rtierence 2. The fuel leases are determined by means cf the
bjdance. I’ivethermocouples,used to meaaure the fuel and vapor
temperature dur+ng the tsots, were placed within the fuel tank and
were qpaced at

%
--inch intervdls etartlng 1/2 Inch.above the bottom

midway between the center and the outer wall of the fuel tank.

A hot-water heat exchanger used as a fuel-temperature regulator
heated the fuel to the desired Initial temperature before it was run
into the fuel tank. A flexible hose leading from the heat exohanger
through an accesa door In the altitude chamber permlttad the fuel
to be transferred to the fuel tank at the end of the heating ~o-
teas.

An A.S.T.~ gasoline-distillationapparatus, Reid vapm-pres-
sue bombs, and an analytioel-typeWeatphal balance were used to
obtain distillation curves, vapor preeaures, and speoiflc gravities,
respectively, of the v=ioua fuel samples withdrawn.

mm PEocmmm

&eparatlon of Fuel Samples

.

I’oreach test, a fuel e&mple vae prepared by Introducing approx-
imately 26 pounds of M4-2g, Amendment-2, fuel into the etill pot
of the fractionating column. The fuel in the still pot was then
heated and the column, refluxing continucub2y, vas alloved’to come M
eqyllibrium at ~S” F-to ifOoF over a period of 24 hours. !Chedis-
tillate vas then remved at a rate of gO to 90 drops per minute
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until the dee~red amount had been obtainsd. After the distillate
had been removed, the heaters were shut off and the residual fuel
was allowed to cool over a period of 12 hours before it was drained.
The weights of the residual fuel and the distillate were recorded
and samfles of each were removed for analysis.

Simlated-3’light Tests

In each simlated-flight test conducted, approximately 15
pounds of each fuel sample was used. The fuel was first hsated to
approximately 115° I’ in the fuel-temperature regulator and was
then transferred to the fuel tank in the altitude chamber. The
fuel entered the fuel tank at a temperature of approximately 112° ~
and wae then allowed to cool to 11Oo F ~0.5oB’ In the fuel tank be-
fore the simulated-flight test was started. AU vents and openings
of the fuel tank were closed while the fuel was behg heated in the
temperature regulator and while the fuel was ccoling in the fuel
tank.

The simulated flights to induce fuel-vapor loss consisted in
a climb at 200C feet per minute to an altitude of 50,000 feet with
thie eJtitude maintained for a total teet duration of gs minutes.
The fuel within the tank was not mechanically agitated during the
test. B’ueland vapor temperatures and the weight of fuel lost by
vaporization were recorded at intervals during the tests.

A l-quart sample of the fuel was taken before the fuel was
heated, and before the start and after the completion of each
simulated-flight test, in order to obtain Reid vapor pressures,
specific gravlttes, and A.S.T.M. dletillation curves.

PRESENTATIONOF ~RESULTS

During the fractionation process for obtaining the fuel saw
pies, small losses of fuel due to column leakage and drainage were
unavoidable. Inasmuch as leakage, drainage, and filling losses
could net be determined, the data cannot be presented on the basis
of percentage removed by fractionation. Instead the data are pr~
sented as a range between the minimum and maximum limits of the
amount removed by fractionation (calculated on the basis of (1)
the distillate recovered and (2) the amount remvsd from the
original fuel), Although the exact amount removed by fractionation
was not lmown, It falls somewhere between theee two limits and
therefore presentation of the data ae ranges reveals trends and
gives ap~ofimate values for comparison and analysis.
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Inaammh as the tests were conducted with three =OIS
of AH-Jf-2g,Amendment-2, fuel, whioh were not necessarily from
the came ortglnal eource of supply, come Mfferencee in the
phyacd properties of the fuel are to be e~cted because the
-Havepeoiflcation for thle gradeof fuel allows rather
wide variation. AlthOugh a number of teste was conducted and
a large quantity of data was aooumulated, it was found advisable
to omit some of the data points on a few of the ourves for the
sake of olerity.

Physioal Properties of thel’uel

The LS.!F.M. distillation curvee of a reyeeentative group
of fuel samples and of the dietlllate removed are shown In
figure 3. The effect of removing lncrea~lngly greater quanti-
ties of the lower-bolllng-point compuna~wa of the fuel by
fractional diet~llat.ionw-a merdy to increase the distillation
temperature in the lower portion of the curve whereas the upper
portion of the curve remained relatively mztfectea. The faot
that the JLS.T.FL iiishiliationcurve of the distillate (that
.porttonof the fuel removed by fractionation) is very nearly a
horizontal line In&icatee the presence of a large quantity of
B single compound, probably iecpenteae, the boiling point of
whioh is W.2° F (reference 3, p. 1).

The effect of the removal of some of the lower-boiling-
yoint compments on several of the physical properties of the
fuel Is brought out in figure 4 where the Reid vapor pressure,
the specific gravity, sad the A.S.T.M. distillation temperature
are plotted as functions cf the percentage of fhel removed by
fraotlonation. B’lgure4 &owe that the Reid vapor preesure d-
creaees, whereas the epecific gravity and the &S.T.M tem-
pereturee Increase, as tho amount of fuel removed by frao-
tlonatlon Inoreasee. The presence of two sqmate ourvee for
epaciflc gravity 1s, as was emlained previously, the result
of the use of a dlffez%nt barrel of AN-F-2g, Amendment-20 fuel
for each eerlee of tests. The use of the dlfforent barrele of
fuel apparently did not seriously affect the correlation be-
tween the percentage of fuel removed and either the Reid vapor
pressures or the A.S.T.BL dietlllation tmnperaturee.

Simulat*411ght T&te

The resulte of the siml.ated-flight teste on the eeveral
fraotlonated fuels are presented in figure ~ where the fhel-vapor



loss, the awerage fuel temperature, and the average temperature
of the vapor above the fuel in the tack are plotted as functions
of flight time. Moat of the fuel-vapor loss takes lace during

fthe climb perlcd (in the first 25 min of the flight with only
a small increase in the loss during the constant-altitude portion
of the flight. After the end of the climb, the fuel apparently
becomes-stabilized at the 50,000-foot altitude, after a short
(5 to 10 rein)period, end the loss from that point on seems to be
almost linear et a rate of approximately l-percent loss per hour
for the rest of the test. All the loss curves have the same
general shape. Regardless of the quantity of lower-boilhg-pcint
components removed from the fuel, the rate of loss with time Is
practically the sme after the “criticalM altitude (the theoreti-
cal altitude at which fuel-vapor loss begins) has been reached.

The curves of average fuel temperatures during the simhlatad
flight appear to be the inverse of the fuel-vapor-loss curves;
the greatest change in temperature takes place during the climb
and at a constant rate with ti~e. The greeteet temperature change
takes place with the fuel undergoing the greatest vapor loss
(the fuE!lsample haviag none of its lower-boiling-wint com-
ponents remove~). The fuel temperature levels off at the end of
the climb and remains very nearly constant throughout the constant-
altitude portion of the Simulated flight. As with the fuel-vapor-
10SS curves, all the fael-temperature curves have the same general
shape, the rate of change of temperature during simuleted flight
being practically the same, regardless cf the quantity of fuel
fractionated, after the critical altitude has been reached.

The curves showing the average temperature of the vapor
above the fuel in the fuel tank (fig. 5) reveal general trends
that may be of interent. As the simulated flight progresses,
the vapor temperature rapidly rises to approach the average fuel
temperature and then the curve assumes the same form as the
average fuel-temperature curve but with slightly lower values.

ANALYSIS OF THE RESUZTS

..-

The data obtained during the climb period of the simulated
flight, which show the fuel-vapor loss as a function of altitude
and of the change in fuel temperature, are plotted in figme 6.
I&d curve of fuel-vapor loss with altituda shows a negligible
loss up to an approximate critical altitude from whloh point
the fuel-vapor loss increases lineezlyvlth altitude. The small .
transition section-preceding the linear portion of the curve may
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kve been caused by the presenoe of air either in nolution with
the fuel or above the fuel, which upon being removed tmrried with
It some fuel vawr. The oritlcal altitude mu be determined by
extending the linetiw portion of the mrve -to the point of zero
1008. .

A unique chaxacterastia of the serles of curves of fuel-vapor
loss with altihde 1s the faot that, after the oritical altitude c
hae been reached, the weight rate of fuel-vapor less with altitude
IB the same reg=dless of the qpantity of lower-bcili~polnt com-
ponents removed from the fu.elup to the removal of approxdwtely
15 percent. The only effeot, then, of removing increased amounte
of the lower-bciling-pnint components cf the fuel is to raise the
boiling altitude of the fuel, but once the boiling altitude has
been exceeded the rate of fuel-vapor loss W.th altitude Ie con-
etant.

The eerlee of curves cf fuel-vapor loss with fuel-temperature
drcp is presented in figure 6 to shcw the effect ef the fuel vapor-
ization m the temperature of the fuel remaining in the fuel tank.
The change in fiml temperature during the simulated cllmb for each
fuel sample varied linearly with the loss excspt for a small por-
tion of the curve at low lcsses. This transition period may also
have been caueed by the presence of diesolved air In the fuel which,
upon coming out of solution, carried with it some fuel vapor and
thereby decreased the temperature of the fuel. Although the rate
of change of fuel temperature wlt.hfuel-vapor lees Ie approximately
the same for all the fuel eamples, the curves are slightly d.le-
pleced from each other with the result that for a given fuel-vapor
109s the fuel with the greateet quantity of lower-boili~point
components removed by fractionation undergoes the greatest drop
in fuel temperature.

The A.S.T.% distillation curves of some of the fuel eamples
before aad after simulated flight are shown in f~gure 7. Alt-
hough the spread in temperatures in the lower portion of the dis-
tillation curve is still preseat after the fuel samples have been
subJeoted to eimulated flight, the temperature spread iEIless than
that of the samples before the simule.tedflight.

The effect of the removal of the lowe~bcili~point com-
ponents en the fuel-vapor lose and the critical altitude of the
fuel is bhmn in figure g. Althmugh the loss decreanen by
appreciable amounts, the amount cf decrease Is Mffermt fcr each
-el of fuel frfimdifferent batches. Theee differences can be
e~ectwl because the Army-Mavy spocificatlcn fgr AIM-28, Amendm-
ent-2, fuel allows a variaticn to exist in those phyEIiaal
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~ropertiee which are important with respect to fuel-vapor 10E8;
for example, Reid vapor preesure, A.S.T.M. dtstillatirn temper-
turee, and specific grmlty.

Although the amount of fuel remeved by fractionation could
not be accurately determined and iB presented EM a range between
two limits, some of the physical properties nf the fhel may be
ueed to indicate the effect of the removal of the lower-boili~
point components cf the fuel m fuel-vapor 10SE. (See fig. 9(d).
The use of three lwrels of AN-F-28, Amendment-2, fuel gives three
separate and distinct linear curves of fuel-vapor loss plotted
against specific gravity but no such distinction is shown when
fuel-vapor loss is plotted agslnst Reid va~r pressure or &S. T.M.
d~fitlllationtemperatures at Initial boiling point, s-percent ~int~
or M-percent point.

The curve of fhel-vapor loss for the simulated-flight tests
plotted against Reid vapor pressure is approximately linear for
Reid vapor pressures between 3.5 and 6.5 pounikiper square inch
but the loss drops more rapidly when the Reid vapor pressure is
decreased below approximately 3.5 pounds per equare inch.

The &S. !C.M. distillation temperature at initial boiling
point, >percent point, or 10-percent point give line= ourvee
when they are plotted sgainst fuel-vapor 10BB. The extreme
spread in the points on the &S. T.M. initial-boiling-point curve
seems to eliminate Ite .poesibleuee as a measure of the 10HB to
be expected during this part~cular simulated flight, but the 5-
ctr10-percent reccvered curves ere reasonable.

The initial spec~flc gravity of the fuel is eliminated ae
an indic~.tionof the fuel-vapor loss to be expected due to the
variation in the three barrels cf fuel but, a~ has been EIhcwn
in reference 4, the change in the specific gravity of the fuel
can be used to indicate the fuel-vapor loss that has occurred.

Because of the lineaxity of the curve showing fuel-temperature
drop plotted against fuel-vapor 10SS (fig. 6), it ~S wssible that
the fuel-temperature droy ~ also be a good indication of the loss
that has occurred during the simulatti flight. If the physical
properties of the fuel samples are to be used to predict the fuel-
vapor loss during a simulated climb to a 50,000-foot altltuile,
then either the Reid vapor pressure or the A.S.T.IL 5- or 10-
percent recovered curves should be used.

.— _ __ .—. —-—
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Mach useful information waa obtalnad by considering the
variation of fual-vapor loss wlth the ohanges In the physioal

--- .,
--- properties of 4ha tuel eamples+. lmt ,th~ offppt on,,the crltloal

altitude of decreasing the amunt of lowar-boilin&@fit ooti-”
ponants in the fuel la of more praotical value. ~l~e 9(b)
shows the critical altitude of the fuel samples (with the fuel
at a temperature of 110”1’ at the start of the shulated flight)
plotted againat Raid vapor pressure, mpocific gravity, and &S. T.M.
dietlllation t amperaturee. Aa ham been previously indicated, al-
though the critical altitude varies linearly with the epecific
gravity, the uee of different samples of AH-W-28, Amandmant-2,
fuel.glvee separate and distinct curvem. Inaamuoh as the crltloal
altitude approximatees the aotuel boiling altitude of the fuel, the
critical altitude variee aimost exponentially with the Raid vapor

T
eemre. If a flight Is deeired to an altitude of lt0,000feet

tith the fuel at an Inltlal temperature of 11Oo I?)without a~
preciable fuel-vapor 106s, it can be seen from figure g(b) that
the fuel muot have & Raid vapar preesure of approximately 2.g
-s Per eqpara inch. The critical altitu~e aleo variee line-
arly with the A.S.T.M. distillation temperature with conelderably
more ecatter of the data in the initial bollhg-point temperature
than either the 5- or M-percent recovery curvee.

DISCUSSION

In general, the reduction in fuel-vapor loee due to the
omission of Increaeed amounte of the lower-boiling-point components
of the fuel ie caueed by the succeegive reduction in the vapor
pressure of the fuel. The &ecreased vapor preeeure of the fuel
incraasee only the critical.altitude of the fuel and apparently
does not tifect the rate of loee with altitude eXter the critical
altitnde hae been reached (that is, within the Mmits of theee
teete). Omieeion of the lower-boili~polnt component of the fuel
inoreaeee the apeciflc gravity because come of tha lighter portlom
of the fuel -e omitted. Differences in the initial specific
gravity, within the llmlts of these teste, apparently do not affeat
the fuel-vapor 10BB during simulated flight. Volatility of the
fuel or it!atendmcy to vaporize due to decreased atmospheric pres-
sure. incraased fuel temperature. or both can be indicated either
by tke Eaid vapor preseu;e
tillatlon temperatures.

It ie emphasised that
duotion of fuel-vapcr 1088
point components should be

or the LS.T.M. ~ and Io-peroant die-

In praotice tha’coneMeratlon of the re-
by omission of coma of the lower-boillqp
influenced by factors such ae:
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(1) Possible fuel-production curtailment
(2) Engine starting

( ) Engine pemformsmce w~th less volatile fuel
(?) OIAmatic condltione under which the fuel will be used
(5) 0peraW3.g altitudes and ranges

All these factors should be investigated although analysis Ehows
that some effecte of the omission may not be serious.

Under those operating conditions where fuel-vapor loss occurs,
engine etarting, cruise operation, or the exploslbility of the mix-
ture in the fuel tank ~ not necessarily be dfected. Starting
may not be made more difficult after the first flight because the
fuel in the fuel lines between the fuel tank and the carburetor
nozzle, which would be the fuel used in starting, is weathered fuel
that has been sub~ected to altitude conditions. Cruise operation
of the aircrdt may not be dfected, inamnuch aa the fuel ueed
during thle period of flight is fuel that has already been weathered.
The &ecrea6e in fuel-vapor pressure due to omissionmey increase the
danger of e@osion when the fuel tank is penetrated by gunfire;
however, this hazard maY be eqyally dangerous with current fuele
efter some of the lower-boiling-point components of the fuel have
been lost through vaporization.

Decreased fuel-vapor pretasurecan be beneficial to the operation
of the aircraft. The tendency of a fuel system toward vapor lccldng
Is markedly decreased as the fuel-vapor pressure Ie decreased. If
the fuel-vapor preseure is decreased sufficiently to raise the crit-
ical altitude cf the fuel above the altitude at which the aircraft
is likely to operate, additional fuel losses due to bciling over
(which may In some cases be large) are also eliminated.

SUMKARY CM?IUSULTS

When A%F-2g, Amendment-2, fuel with various amounts of the
lower-boiling-point components removed was subjected tc simulated
flight in a bench-test installation, the following results were
obtained;

1. Increased remcvel of the lower-bollimint components
decreaeed the fuel+apor loss and Increaeed the @itical altitude
by amounts which varied with the physical characteristics of the
fuel sample.
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2. “The Reid vapor pressure and the A.S.T.IL 5- and NI-peroent
recovered pcinte gave slngl*velued functions with fuel-vapcr 10ss
and critical altitude. Ther4ephysical properties of the fuel may be
used to determine the amount of omission necessary to prevent fuel-
vapcr loss fcr a given set cf fllght oonditionem

Aircraft Engine Reeearch Laboratory,
National Advisory Committee fcr Aeronautics, .

Cleveland, OMO, &gust 27, 1945.
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